Metabolic pathways are series of successive biochemical reactions catalyzed by enzymes which together constitute a process of extraordinary complexity, the cellular metabolism. Like any other biological phenomenon, metabolism is the result of evolution. Different techniques are used to compare characteristics of living entities seeking to analyze the similarity between them. The features or characteristics that define species are of different types: molecular, metabolic, cellular, environmental, behavioral, etc. Depending on the similarity, biological species and any entity of the biological hierarchy, are sorted and classified. This paper focuses on studying a characteristic of organisms that is metabolism of porphyrins and chlorophylls using cladistic procedures, unlike others, allow crawl the changes in this feature. The result of a cladistic analysis is an evolutionary hypothesis, a hypothesis about the evolution of metabolism of porphyrins and chlorophylls. The work raises two objectives: firstly, hypotheses about the evolution of metabolism of porphyrins and chlorophylls; otherwise, hypotheses on the evolution of enzymes involved in cellular metabolism this part, opening the possibility that some of them serve as phylogenetic marker.
As the history of the species and their family relationships are derived from comparative studies, the history of metabolism can only be reconstructed through comparative analysis of its elements (Cunchillos and Lecointre, 2002 , 2003 , 2005 .
Using the cladistic analysis to build an evolutionary hypothesis of the emergence and evolution of porphyrin and chlorophyll metabolism involves considering photosynthesis from the evolutionary point of view. On the origin of photosynthesis there are basically two hypotheses (Olson, 1999 (Olson, , 2001 : one suggests that it originated in the prebiotic atmosphere of the Earth and comes to life; another, based on recent molecular phylogenetic analysis suggests that photosynthesis arose after chemolithotrophs organisms appear. However, we know little about how they were incorporated into the photosynthetic process its multiple biochemical components.
The scientific community agrees that photosynthesis is a process that originates in bacteria because, firstly, there is no archaea with Mg-tetrapyrroles based photosystems and, secondly, photosynthetic eukaryota acquired this ability from cyanobacteria through endosymbiosis. It is possible to achieve a better understanding of the evolution of photosynthesis comparatively studying genes or gene products of photosynthesis in the groups of bacteria that synthesize photosystems: purple bacteria (proteobacteria, with photosystem II), green non-sulfur bacteria (photosystem II) , green sulfur bacteria (photosystem I), heliobacterias (photosystem I) and cyanobacteria (photosystems I and II). The Earth is about 4,500 million years and the beginning of life is in the Archean period, about 3800-4000 million years ago. Stromatolites (the oldest Archaean fossils) containing evidence of biological carbon fixation have an approximate age of 3,800 million years (Schidiowski, 1988) while the oldest cyanobacteria-like cell microfossils have an age of 3,500 million years (Schopf, 1993; Schopf and Packer 1987) , ie, appearing 300 million years after the first record of life.
However, Earth was dominated at first by cyanobacteria which were 2,700 million years ago, coinciding with the first appearance of oxygen on earth (Des Marais, 2000) . During approximately 1 million years, cyanobacteria increased the oxygen level to almost a quarter of the current level. The success of these organisms could be due not only to the power advantage of photosynthesis but due also to inhibition by oxygen (as toxicant) of potential competitors.
The emergence of the first eukaryotes occurred about 1,800 million years ago, a fact that required 600-800 million years for cyanobacteria were incorporated by endosymbiosis in eukaryotes and evolved into chloroplasts. Thereafter the algae increased the oxygen level until present. Finally, his descendants land plants appeared 500 million years ago.
There is general consensus on the hypothesis suggesting the evolution of photosynthetic pigments from chemoautotrophs: they lived in an environment of chemical imbalance that led to the ability to use the pigments to harness light as an additional source of energy. Established photosynthesis, this might evolve to allow cells use sunlight as the only energy source (Nisbert and Sleep, 2001) . On this tour it must be some intermediate stage that could be starring by purple bacteria: the anoxygenic photosynthesis bacteria evolve from this group who had phototaxis by infrared light (Nisbert et al., 1995) .
This hypothesis is based on the close relationship between the emission spectrum of geothermal light and absorption spectrum of bacteriochlorophylls b, relationship that serves the authors to raise the possibility that photosynthesis arose in organisms presenting bacteriochlorophylls a or b. They lived in the vicinity of oceanic hydrothermal vents where they could detect a faint infrared radiation.
Accordingly, these phototaxis bacteria with the ability to detect infrared light have lived in an optimum environment which would have been an evolutionary advantage in terms of competition for resources or nutrients. Subsequently adaptation of this primitive photosystem would have allowed organisms to start using the far-red sunlight as it moved into shallower waters. Over time, chlorophylls appear to use light of higher energy (visible) and water photolysis. Photosynthesis in bacteria and plants occurs in two phases, photochemistry, and biochemistry. Photochemical phase involves the participation of photosynthetic pigments including chlorophylls and bacteriochlorophylls of bacteria and plants which are derived from the porphyrin metabolism.
Map of metabolism of porphyrins and chlorophylls
Porphyrins are tetrapyrroles binds covalently to a metal: iron (Fe) to form cytochromes, peroxidase, catalase, myoglobin and hemoglobin; copper (Cu) or nickel (Ni) to form molecules for electron transport in methanogenic bacteria; magnesium (Mg) to form chlorophylls and bacteriochlorophylls.
In the porphyrin biosynthesis pathway (Fig. 1) there are two stages: 1) Synthesis of 5-aminolevulinate (ALA): In all photosynthetic eukaryota and prokaryota, except the α-proteobacteria, ALA is synthesized from glutamate which binds glutamyl-tRNA by glutamyl-tRNA synthase catalyzed reaction (GluRS). Moreover, all non-photosynthetic eukaryota (animals, fungi and apicomplexa) and α-proteobacteria form ALA by condensing glycine and succinyl-CoA in a reaction catalyzed by ALA synthase. In the context of evolution it is important to highlight the conceptual difference between "evolution of photosynthesis" and "evolution of photosynthetic organisms": the evolution of photosynthesis involves a limited number of genes and / or gene products while the evolution of photosynthetic organisms involves the complete genome. The phylogeny of the 16S subunit rRNA (Woese, 1987) establishes three domains: Archaea (archaebacteria), Bacteria (eubacteria) and Eucarya (eukaryotes). Although this classification was discussed by other authors (CavalierSmith, 1992) , the fact is that other phylogenetic studies using new genomic and sequence data provide consistent results with all three domains. However, when phylogeny based on vertical inheritance genes (16S rRNA) and photosynthesis gene phylogenies are compared, inconsistencies appear showing that the former do not necessarily reflect the second: evolution of organisms versus evolution of genes.
Cladistic analysis to approach the evolution of porphyrins metabolism
For the comparative study of various types of entities (molecules, metabolism, organs, organisms, populations, behaviors, geographic distribution, ecosystems) different techniques are used all aimed at analyzing the similarity between the strains under study. Between different procedures, cladistic analysis provides a high degree of objectivity to study but all techniques provide useful and necessary information in the evolutionary context.
The porphyrins and chlorophyll metabolism is a complex process involving numerous chemical reactions catalyzed by enzymes. Its structure (components and functions) in the diversity of organisms is a product of evolution and can only be reconstructed by comparing the components. Tetrapyrroles serve as electron carriers in all domains of life. Heme carrying proteins were postulated to have been present in the last common ancestor of Bacteria and Archaea.
The application of the comparative method requires first determine the set of elements to compare. These elements are referred to as cladistic terminology "operational taxonomic units". They can refer to molecules or species, taxa in general. In this particular case, the set of taxa to be compared is the metabolism of porphyrins and chlorophylls in a set of organisms that constitute the study group (Table 1) . Taxon, that is, each organism metabolism study group, is defined by characters that are enzymes (Table 2 ) involved in this part of cellular metabolism (Fg.1).
Enzymes can be present or absent in a particular taxon (the bchl gene is absent in archaebacteria and present in bacteria) which means that the same character may have different "versions" which are called "character state". The absence or presences of an enzyme in the metabolism of organisms that constitute the study group are discrete characters that are encoded in a binary system, 0 or 1. This coding means that an enzyme can be in two states: 0-absent or 1-present. (1995 -2015 The set of taxa and characters are reflected in a "matrix data" showing taxa in rows and states of a character in columns (Tale 3). This matrix is the basis for further analysis. A data matrix as the above in which the reflected characters are metabolic enzymes in two states, present (1) or absent (0), serves for the cladistic analysis of enzymes and accordingly the metabolism of porphyrins and chlorophylls in organisms of the study group.
Data have been collected from KEGG: Kyoto Encyclopedia of Genes and Genomes
The cladistic analysis was performed with the MIX program in Phylip (Felsestein, 2001 ) (http://evolution.genetics.washington.edu/phylip.html) which estimates phylogenies by Wagner parsimony method for discrete character data with two states (0 and 1) (also available an online version of the program http://mobyle.pasteur.fr/cgi-bin/portal.py#jobs::overview). Cladograms and trees are drawn with PHY.FI application (Fredslund, 2006) .
The result of this analysis is reflected by a cladogram representing an evolutionary hypothesis discussed below.
One hypothesis about the evolution of porphyrins and chlorophylls
The cladistic analysis following Wagner Parsimony Method for discrete characters in two states provides 100 equally parsimonious trees (L = 233). Figure 2 shows the majority rule consensus tree and Figure 3 shows the strict consensus tree of the 100 most parsimonious and equally parsimonious trees.
In the majority rule consensus tree two large groups or clades are observed: one formed by Bacteria and Archaea and another group of Bacteria and Eukaryota (Fig. 2) . This result is confirmed by the strict consensus tree (Fig. 3) . The ancestral metabolism corresponds to Nanoarchaeum equitans (neq) leaving immediately after the ancestor (anc, the hypothetical ancestor with all characters set to 0, plesiomorphic, ie, absent).
All enzymes considered undergo at least one change of state. Those experiencing a single change (bold in the Table 2 ) are apomorphic characters which define well metabolism (red arrows in Fig. 1 ). All other enzymes experience more than one change, they are homoplasy, indicate convergent evolution, the adaptive nature of metabolism and its components.
In the clade Metabolism [BACTERIA + ARCHAEA] the group of cyanobacteria (tel, gvi, syn, ana and syc) is well defined by the enzyme phycocyanobilin:ferredoxin oxidoreductase (EC 1.3.7.5) which experience a unique change and is a sinapomorphic character for the cyanobacteria clade. Within this group of cyanobacteria, Gloeobacter violaceus (gvi) is defined by two apomorphic characters: enzymes 15,16-dihydrobiliverdin:ferredoxin oxidoreductase (EC 1.3.7.2) and phycoerythrobilin:ferredoxin oxidoreductase (EC 1.3.7.3).
On the basis of this group of cyanobacteria, in a previous node, is the metabolism of Chloroflexus aurantiacus (cau) defined by an autoapomorphy, the bilirubin oxidase enzyme (EC 1.3.3.5). The clade Metabolism [BACTERIA + EUKARYA] includes among eukaryotes Arabidopsis thaliana (ath), plant whose metabolism is well defined by two apomorphies, enzymes chlorophyllase (EC 3.1.1.14) and phytochromobilin: ferredoxin oxidoreductase (EC 1.3.7.4).
All other groups or clades are not based on apomorphic characters, no homologies to well define species metabolism. Therefore they are analogies and a case of convergent or parallel evolution. The similarity is due to homology and analogy. But nevertheless analogies or homoplasies not serve to discover phylogenetic relationships. Therefore they can not be established assumptions about relationships between sister groups based on the metabolism of porphyrins and chlorophylls.
Resulting cladograms both majority consensus as strict consensus (Figs. 2 and 3) reflects relationships derived from adaptive changes that lead to the expression, or not, of a gene and possible synthesis or catalytic activity of an enzyme as well as the acquisition or loss metabolic capabilities as an adaptive response to the environment. Moreover, lateral gene transfer is a key process in the early stages of cellular evolution that draws a complex network of relationships that mask and / or replace the vertical transfer and evolution model based on ancestry with modification. On the other hand, much of the diversity found in algae is due to secondary and tertiary endosymbiotic events (Keeling, 2010) .
The metabolism compared in the study group makes clear enzymes that change once. Some of these elements as apomorphic homologies could be phylogenetic markers. This is the case of phycocyanobilin:ferredoxin oxidoreductase (EC 1.3.7.5) for cyanobacteria and chlorophyllase (EC 3.1.1.14) for plants.
Green algae and its progeny lost the cyanobacterial phycobilisome lightharvesting system, whereas red algae (cme, Cyanidioschyzon merolae) (on the cladogram with Arabidopsis thaliana) and glaucophytes retained it. The chloroplasts in algae and plants are derived from cyanobacteria and endosymbiosis gave rise to photosynthetic eukaryotes (Margulis, 1992) . The evolution of photosynthesis is a complex process involving different sources and routes of its many components, so that its history can not be described as a simple, linear process. However, it seems certain that the emergence of Mg-tetrapyrrole and apoproteins of the reaction centers are key events that led to the development of the photosynthetic process. The flow of electrons acceptor-is channeled by protein complexes that always contain metallo-organic cofactors. Membrane-bound complexes couple the transfer of electrons across the membrane to the generation of an ion gradient and transmembrane electrical potential. This chemiosmotic mechanism was likely present in the last common ancestor and has been carried forward to the three presently persisting domains of life, Bacteria, Archaea, and Eukarya (Lane et al., 2010) .
The Granick (Granick, 1965) and Retrograde (Horowitz, 1945) hypotheses on the establishment of metabolic pathways are complementary. Granick established as hypotheses that the intermediate compounds of the modern biosynthetic pathways were the final products of early pathways and thus the evolution of the pathway can be traced from the beginning to the end. However this contrasts with the retrograde hypothesis which posits that present biosynthetic pathways are set up in the reverse order to their evolutionary history and occurred through gene duplications. But The Granick and retrograde hypotheses are not mutually exclusive because the retrograde hypothesis is a consequence of the depletion of base molecules present in the primordial soup, molecules that follow the Granick hypothesis may be more derived.
There are still many aspects of the evolution of photosynthesis unresolved due in part to the existence of highly diversified components (Fig.4) . One way to learn more about this issue is to address the systematic, descriptive and comparative study of genes and gene products of photosynthesis in the diversity of phototrophic organisms. For this purpose contributes undoubtedly the availability of numerous molecular data and the use of phylogenetic analysis tools. For example and based on the results of this study, comparative analysis of enzymes glutamyl-tRNA synthetase (EC 6.1.1.17), porphobilinogen synthase (EC 4.2.1.24) and protoporphyrinogen oxidase (EC 1.3.3.4) arises With all this new knowledge will continue to emerge thus reconstruct the evolutionary history of photosynthesis.
